Introduction
Covalent organic frameworks (COFs) have been extensively investigated in the past few decades due to their significant applications in a myriad of areas such as gas storage and separation, [1] [2] [3] [4] heterogeneous catalysis, [5] [6] [7] [8] [9] sensing, 10,11 drug delivery, 12, 13 and so on. [14] [15] [16] [17] COFs are a class of crystalline porous polymers that are composed of light elements, typically C, N, O, B, and H, which allows the atomically precise integration of organic units into 2D and 3D periodicities by the formation of dynamic covalent bonds. [18] [19] [20] [21] [22] [23] [24] [25] The slightly reversible nature of the covalent bond formation reaction, for example condensation of boronic acids with polyols, allows for the formation of ordered layers that crystallize upon condensation. [26] [27] [28] The scope of the linkage systems for 2D networks was recently expanded by reversible imine-and hydrazone-linked COFs. [29] [30] [31] [32] [33] Imine-based COFs can be synthesized by co-condensation of aldehydes with amines or hydrazides. In 2012, Banerjee and co-workers reported two imine-linked COFs, TpPa-1 and TpPa-2, which were synthesized via Schiff base reactions of 1,3,5-triformylphloroglucinol (Tp) with p-phenylenediamine (Pa-1) and 2,5-dimethyl-p-phenylenediamine (Pa-2) under solvothermal conditions. [34] [35] [36] Surprisingly, the enol-imine group underwent irreversible proton tautomerization to form the keto-enamine product. The synthesis and properties of rigid monomer-based COFs have been relatively well established. By contrast, the design, preparation, and structural revelation of flexible COFs are still considered to be a great challenge. In this study, a new flexible monomer-based COF, PPN-30 (PPN meaning porous polymer network), was designed and synthesized by combining 1,4-cyclohexanediamine and 1,3,5-triformylbenzene in a metal catalyst-free Schiff base reaction (Fig. 1) . As the reaction process is reversible, the synthetic process could be easily controlled to generate crystalline products. Synchrotron powder X-ray diffraction (PXRD) data were collected, which matched very well with our simulated structure. The high nitrogen adsorption and narrow pore size distribution suggest the high porosity of PPN-30. To the best of our knowledge, no previous examples of flexible monomer-based COFs have been reported.
Results and discussion
Our strategy for preparing flexible monomer-based COFs involves the use of a semi-flexible monomer, 1,4-cyclohexanediamine, for the first time. A free 1,4-cyclohexanediamine molecule can have two common conformations: chair or boat. 37 Even though a change from one conformation to the other can happen under the synthetic conditions for PPN-30, the chair conformation would still be the dominant conformation for this monomer, which suggests that the synthesis of flexible monomer-based COFs could be very promising. PPN-30 was synthesized by solvothermolysis of a suspension of 1,4-cyclohexanediamine and 1,3,5-triformylbenzene in a 60 : 1 (v : v) mixture of N,Ndimethylformamide (DMF) and 6 M aqueous acetic acid, followed by heating at 120°C for 3 days, to give a crystalline solid in 85% yield. PPN-30 was insoluble in water or common organic solvents, such as acetone, methanol, dichloromethane, N,N-dimethylformamide (DMF) and tetrahydrofuran (THF).
The crystallinity of PPN-30 was confirmed by synchrotron PXRD analysis (Fig. 2) . Extended structures were modeled for PPN-30 by using the Materials Studio package. After geometrical energy minimization by using the universal force field to optimize the geometry of the molecular building blocks, the simulated PXRD pattern of PPN-30 was obtained. From  Fig. 2 , we can see that the simulated structure matched very well with our experimental data. PPN-30 is an eclipsed arrangement, in which atoms of adjacent sheets lie directly over each other. In this way, these atoms form a hexagonal array of 1D channels.
Nitrogen uptake measurement at 77 K was carried out to confirm the porosity of PPN-30. As evident from can be attributed to the CN stretching, confirming the formation of PPN-30. After we had successfully synthesized the flexible monomer-based PPN-30, we went ahead and characterized its carbon capture properties. Global warming has become one of the most pressing environmental concerns of our age and advanced porous materials, especially porous organic polymers, have become very promising candidates to adsorb carbon dioxide. Due to its ordered crystalline nature, high porosity, as well as the high density of nitrogen atoms in its framework, PPN-30 shows very promising carbon capture properties. At 273 K, the CO 2 uptake reaches 64.2 cm 3 g −1 at 1 bar (Fig. S7 †) , which makes it very promising for gas storage applications. Similarly, another COF material, PPN-31, was synthesized using the same reaction except that for PPN-31, a different starting material, 2,4,6-triformylphloroglucinol, was used (Fig. 5a) . Interestingly, after the Schiff-base reaction, the intermediate material goes through enol-to-keto tautomerism to afford the final product, PPN-31. The high porosity of PPN-31 was confirmed by the N 2 uptake isotherm at 77 K (Fig.  S5 †) (Fig. 5b) .
Conclusions
In 
Experimental section
Synthesis of PPN-30. A Pyrex tube measuring o.d. × i.d. = 10 × 8 mm was charged with trans-1,4-cyclohexanediamine (10 mg, 0.0875 mmol) and 1,3,5-triformylbenzene (9.5 mg, 0.0583 mmol) in a solution of N,N-dimethylacetamide (1.5 mL) and 6 M acetic acid (25 μL). This mixture was then taken and flash frozen under liquid N 2 and degassed 3 times via a freeze-pump-thaw cycle. The tube was then sealed off under an acetylene torch and placed in a 120°C oven for 3 days to afford a white precipitate which was isolated by filtration over a medium glass frit and washed with DMF (20.0 mL). The product was immersed in methanol (20.0 mL) overnight, during which the activation solvent was decanted and freshly replenished four times. The solvent was removed under vacuum at room temperature to afford PPN-30 as a white powder (16.0 mg, 82%). Synchrotron data were collected at beamline 17-BM at the Advanced Photon Source, Argonne National Laboratory. The use of the Advanced Photon Source was supported by the U. S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357. We thank Dr. Andrey Yakovenko for his help in synchrotron PXRD data collection.
